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Abstract: The recycling of printed circuit boards (PCBs) causes environmental problems by releasing 

dioxins and furans. The objective of this study is the recovery of copper from PCBs through the 

bioleaching process using Aspergillus niger which was isolated from the surface of Abu Tartur 

phosphate. In the bioleaching process, the optimum conditions were used to modify ammonium medium 

with inoculum spore size are 2Χ106 SFU/50 ml for 5 days at 30ͦ C in a pulp of 0.5% solid 150 mesh 

particle size and aeration at 200 rpm. Different carbon and nitrogen sources were used. Glucose (1.5%) 

and ammonium chloride (0.2%) were the best source of carbon and nitrogen, respectively. Also, the 

optimum initial medium’s pH was 7. At these conditions, about 100% of Cu was extracted. The 

mechanism of bioleaching was studied by detecting the production of organic acid through using brome 

cresol green as an indicator and HPLC analysis. The color change of agar medium of the incubated 

plate with A. niger from blue to yellow, and HPLC analysis showed detection malic and citric acids in 

the sample in presence e-waste higher than the sample without e-waste. E-waste before and after the 

bioleaching process was investigated using SEM. The surface of e-waste becomes more smooth and 

porous due to the bioleaching process. 
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1. Introduction 

Electric and electronic wastes (e-wastes) have been defined [1] as any waste dependent 

on electric currents or electromagnetic fields to work properly. Global waste electrical and 

electronic equipment (WEEE) generation was 41.8 million tons (Mt) in 2014 and is likely to 

increase to 50 Mt in 2018 [2]. The problem with e-waste is its growing volume, toxicity, and 

content of valuable resources (e.g., gold), which are lost when e-waste is disposed of [3]. E-

waste contains approximately 40% of metals, including base metals, precious metals, and rare 

earth elements [4, 5].  

The copper content in the printed circuit board (PCB) is 10–30 mass %, the highest 

among the metallic elements [6]. Copper is an industrially significant metal, widely used in 

building construction (wiring, plumbing, and weather proofing), electrical and electronic 

products, transportation equipment, and industrial machinery [7]. Thus, the recovery of copper 

from e-waste is important to conserve the environment and metal resources. Their recovery is 
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typically achieved by pyro-metallurgical and hydrometallurgical processes, with a certain 

energy and environmental disadvantages [8, 9].  

The bioleaching process is now emerging as exploitable commercial technology 

applicable for metal extraction from electronic waste and low-grade ores. Using bioleaching 

techniques, the efficiency of recovery of metals can be increased, as revealed in copper and 

gold mining, where low-grade ores are biologically treated to obtain metal values, which are 

not accessible by conventional treatments (mechanical and thermal) [10].  

Various lithotrophic and organotrophic microorganisms mediate the leaching processes 

[11]. Mainly, three groups of microorganisms are classified in bioleaching, namely (a) 

chemolithotrophic prokaryotes, including bacteria and archaea, (b) heterotrophic bacteria, and 

(c) heterotrophic fungi [12]. 

Heterotrophic bacteria and fungi are involved in bioleaching with microbial production 

of organic acids [13]. Organic acids play a role as bioleaching agents [14]. Also, other 

metabolites could play a role as leaching agents for extracting metals from waste material. In 

most cases of heterotrophic bioleaching, organic acids directly solubilize metals [15]. 

In this work, different factors affecting the bioleaching of copper from PCBs were 

studied by using Aspergillus niger to reach the maximum dissolution of copper. 

2. Materials and Methods 

2.1. Materials.  

2.1.1. Chemical composition of PCBs waste. 

The scraps of PCBs were first to cut into small pieces manually, then crushed by the 

high-speed universal pulverizer for 2 min, and finally sieved. Chemical analysis of this PCBs 

sample was determined by XRF analysis, and crystalline phases were determined by XRD 

analysis. 

2.1.2. Microorganism.  

Aspergillus niger was isolated from Abu Tarture phosphate ore as described by 

Elbarbary et al. [16]. 

2.1.3. Culture media.  

They were used Sabouraud-dextrose medium [17], contains (g/l):P peptone10, 

Dextrose 40.0, Agar 15.0 Final pH 5.6 ± 0.2 at 25°C. Modified malt-yeast extract medium [18], 

contains (g\l): Glucose, 10 g; Peptone, 5.0 g; Yeast extract, 3.0g; Agar, 20.0 g,   Distilled water, 

1.0 Liter and adjust pH to 6.8 before autoclaving, autoclave at 121oC for 15 min. this medium 

is solidified by 15 g agar per liter. Modified Czapek's Dox medium [19], contains (g\L): 

NaNO3, 2; Ca3(PO4)2, 1; MgSO4.7H2O, 0.5; KCl, 0.5; FeSO4. 5H2O traces; sucrose, 30 and 1 

liter distilled water. Modified ammonium medium [20], contains (g\L): Sucrose, 20; Ca3 

(PO4)2, 5; MgSO4.7H2O, 1; NH4Cl, 2 and 1 liter distilled water. 
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2.2. Methods. 

2.2.1. Tolerance of Aspergillus niger to various concentrations of copper. 

Modified malt extract agar medium with various concentrations of CuSO4 ranging from 

(100-1000 ppm) was prepared, then put one disc of fungus in each plate and incubated at 30  ͦ

C. The diameter of Aspergillus niger growth was measured daily to know the activity of fungus 

in the presence of various concentrations of copper [21]. 

2.2.2. Types of bioleaching methods. 

Three types of bioleaching methods, one-step, two-step, and spent medium method, 

were tested in the bioleaching process as the following: 

One-step bioleaching method, 50 mL of modified malt extract medium was prepared 

with inoculation 2x106 SFU and addition 0.25 g of PCBs at the same time. The incubated 

temperature was 30 Co and shaking speed 180 rpm. The concentration of copper was measured 

daily.  

In the two-step, bioleaching method, culturing of 2x106 SFU/50 mL was prepared firstly 

for three days, then added 0.25 g PCBs and incubated at 30°C and 180 rpm. The concentration 

of copper was measured daily.  

In the supernatant metabolites method (spent medium method), 2x106 SFU/50 mL of 

modified malt extract medium was cultivated for 7 days, then filtrated and adding  0.25 g of 

PCBs to the supernatant (filtrate). The concentration of copper was measured daily [22]. 

2.2.3. Effect of different parameters on bioleaching of copper from PCBs. 

Four Different culture media summarized as sabouraud dextrose, modified malt-yeast 

extract, modified Czapek's dox, and modified ammonium media were tested separately with 

0.5% e-waste and inoculation with 2x106 SFU/50 mL medium and incubated at 30 oC. The 

amount of solubilized copper was measured by titration method, measuring pH value and redox 

potential by pH meter. By applying previous conditions with the best medium, other factors 

were studied: incubation period, particle size, inoculum size, temperature, pulp density, carbon, 

nitrogen sources and their concentration, initial pH, and shaking aeration speed. 

2.2.4. Mechanism of bio-dissolution of copper from e-waste. 

2.2.4.1. Organic acid production. 

A. niger exhibits good potential for producing an abundant concentration of organic 

acids [23]. Therefore, it was tested for acid production by applying it on a petri dish containing 

Czapek,s dox agar medium with 1% bromocresol green as an organic acid indicator [24] and 

incubated for 3 days at 30 ͦ C. 

2.2.4.2. Detection of some organic acids produced by Aspergillus niger by using HPLC. 

Aspergillus niger was grown on modified ammonium medium for three days at 30 oC, 

added 0.25 g e-waste/50 mL medium, and left at 180 rpm for 5 days. The culture filtrate was 

centrifuged at 9000 rpm for 10 min, then determined citric acid and malic acid by HPLC 

(YL9100 HPLC System) at Micro Analytical Center, Cairo University. Also, another sample 

was prepared in the absence of e-waste as a control sample. These organic acids were identified 
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by comparison with synthetic organic acids. The last was prepared under the same condition 

of sample determination. 

2.2.5. The HPLC analysis. 

 The HPLC analysis was performed on a clarity chromatography data system; the HPLC 

system consisted of the Quaternary pump (YL9110 Quaternary Pump), the injection port with 

a 2 mL loop, a UV detector (YL9120 UV/Vis Detector), and using Autochrome 3000 software 

for data acquisition system. For chromatographic separation, a C-18 column (YL9131 Column 

Compartment) was used. Methanol/water/acetic acid (45:55:5) was used as the mobile phase, 

and the flow rate was adjusted to 0.8 ml /min. Sample volume (20 µl) was injected with the 

help of a microsyringe, the run time was adjusted to 10 min, and UV absorbance was 

determined at 260 nm. A synthetic sample of citric and malic acids was used (Sigma). The 

results obtained from HPLC analysis of the samples were monitored using the above-

mentioned authentic samples. 

  2.2.6. The Scanning electron microscopy (SEM) analysis. 

SEM analysis of e-waste before and after treatment was carried out to show the 

morphology changes of e-waste. It was carried out by field emission scanning electron 

microscope using a JEOL instrument QUANTAFEG 250, Netherlands. 

3. Results and Discussion 

 3.1. Chemical composition of waste PCBs. 

By XRF analysis, the chemical analysis of this PCBs sample revealed the presence of 

high copper content in the sample reached 21.96%, and brome reached 21.96%, then tin 

reached 16.15%.  Other elements such as Pb, Zn, Fe, and Sb were found in small quantities 

ranging from 8.4% to 2.6%. In addition to the presence of other elements as Ba, Si, Ca, Al, Ni, 

Sr, and Mg. These results were tabulated in Table 1. XRD analysis of PCBs sample was 

illustrated in Figure 1 and revealed the presence of metallic copper, tin, lead, aluminum, and 

iron as the main phase constituents. 

Element Cu Zn Sn Fe Pb Sb Ni Br Ba Si Sr Mg Ca Al 
Content (wt. %) 21.96 2.62 16.15 2.32 8.40 2.67 0.47 21.96 1.41 0.35 0.14 0.10 0.50 0.16 

Table 1. XRF analysis of WPCBs sample. 

 
Figure 1. XRD patterns of powdered waste printed circuit boards sample (WPCBs). 
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3.2. Tolerance of Aspergillus niger to various concentrations of copper. 

Various concentrations of copper on the growth of Aspergillus niger were evaluated. 

The results appeared that optimum growth of Aspergillus niger up to 700 ppm of copper 

concentration then decreases with increasing concentration of copper up to 1000ppm. This 

refers to decreasing activity of Aspergillus niger with increasing concentration of copper, as in 

Table 2 and Figure 2. This confirmed by Nur Liyana Iskandar et al. [25] showed that the growth 

of A. niger decreases with the increasing concentration of copper. 

 Table 2. The effect of copper concentration on the growth of Aspergillus niger. 
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1.8 1.8 1.2 1.1 1 1 1.1 1.1 1 1 1 

2 5.5 5 3 2.8 2.5 1.9 1.8 1.8 1.2 1.2 1.1 

3 8 7.3 4.3 4 3.4 2.75 2.75 2 1.5 1.45 1.3 

4 10 8.5 6.03 5.5 5 3.9 3.2 2.45 1.8 1.75 1.5 

5 10.35 10 7.83 6.8 6.2 5.2 4.05 2.83 2.83 2.5 2 

6 11 10.4 8.73 8.15 7.5 6.4 5.35 3.7 3.53 3.066 2.4 

7 11.5 10.9 9.2 9.15 8.8 8 6.4 4.63 4.32 3.6 2.75 

8 --- 11.3 9.67 9.6 9.5 8.9 7.4 5.6 5.3 4.43 3.1 

9 --- 11.5 10.14 10.02 9.95 9.9 8.4 6.75 6.2 5 3.5 

10 --- --- 10.93 10.8 10.5 10.4 9.5 7.63 7 6.5 4.1 

11 --- --- 11.5 11.5 11.5 11.5 10.5 8.43 8.1 8.3 5.3 

12 --- --- --- --- --- --- 11.5 9.63 9.2 9 6 

13 --- --- ---- --- --- --- --- 9.86 9.5 9.2 6.7 

14 --- --- --- --- --- --- --- 10.5 9.76 9.4 7.125 

15        11.5 10 9.4 7.125 

 
Figure 2. Effect of copper concentration on the growth of Aspergillus niger. 

3.3.Types of bioleaching methods. 

Different bioleaching methods (one-step, two-step, and spent medium) were evaluated 

by measuring copper concentration with time. The two-step method was preferred over one-

step and spent medium, which achieved copper dissolution reached 46% by using modified 

malt extract medium. The obtained results were drawn in Figure 3. 

In one-step bioleaching, the microorganism was added with e-waste in the medium 

simultaneously. The growth mechanism in this bioleaching method is the aggregation of 
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swollen spores with e-waste particles after inoculation, resulting in relatively large pellet 

nuclei. Adhesion of un-germinated spores and e-waste particles to the large pellet nuclei 

contained newly germinated spores also occurred in hyphae, leading to a tendency to reduce 

the overall number of pellets in the medium. The specific growth rate was decreased as e-waste 

pulp density increased; this was confirmed by Chauhan and Upadhyay [26], Dey and Jana [27], 

Grimm et al. [28], and Saravanan et al. [29]. Also, Sadia et al. [30] and Marek et al. [31] 

showed that the one-step bioleaching was insufficient due to the toxicity of metals present in 

e-waste that inhibit the growth and activity of Aspergillus niger.  

In the two-step bioleaching process, the culturing of Aspergillus niger was prepared for 

three days, which entered the log phase, then e-waste was added. It was believed to be 

appropriate to increase the metal leaching efficiency of microorganisms from electronic waste 

[32]. Microorganisms were grown in the absence of electronic waste to produce biomass, 

followed by the addition of different concentrations of electronic waste for metal mobilization 

for an additional period to reduce toxic effects on the microorganisms. 

In the spent medium process, the microorganism was removed completely, which may 

negatively affect a proton production system. The two-step process may be the process of 

choice for metal bioleaching from e-waste by microorganisms associated with the proton 

production system [33]. 

 
Figure 3. Types of bioleaching methods. 

3.4. Effect of type of media on bioleaching of copper from PCBs. 

Media compositions have a high effect on the growth of microorganisms and the nature 

of metabolites that are produced, so it is preferred to test various media (Sabouraud Dextrose, 

modified malt-yeast extract, modified Czapek's Dox modified ammonium medium) to select 

the best medium utilized by microorganism for copper dissolution. The culture of 2x106 

SFU/50 ml medium was prepared for 3 days, then 0.25 g of e-waste was added and incubated 

at 30 ͦ C and 180 rpm.  The copper dissolution, pH, and redox potential were measured daily. 

The results revealed that the best medium for dissolution of copper was modified 

ammonium medium, which dissolved 98.5% of copper at pH 4.1 and redox potential 167 after 

5 days of incubation, while the minimum copper dissolution occurred with sabouraud dextrose 

medium, although the pH of the medium was lower than modified ammonium medium, Figure 
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4. The biomass of Aspergillus niger in the sabouraud dextrose medium was very large, this 

leads to aggregation of particles of e-waste with biomass, and this reduces the dissolution 

process. Mostafa and Alamri [34] showed that the optimum composition of the medium for 

citric acid production by Aspergillus niger strain AB 1801 were 15g/l sucrose, 0.22% NH4NO3, 

0.1g/l K2HPO4, 0.02% MgSO4.7 H2O, 0.0001% FeSO4.7H2O, 0.0001g/l ZnSO4.7H2O, 0.0001 

g/l MnSO4.4H2O, pH 3.5. Also, Male et al., [23]; Falguni and Lakshmi, [35]; Castro et al., 

[36]; Sadia et al., [30] showed that acidification of the medium during the growth of A. niger 

is due to the excretion of organic acids that led to decreasing pH of the medium. These organic 

acids were necessary for the dissolution process. 

 
Figure 4. The effect of type of media on bioleaching of copper by A. Niger. 

3.5. Effect of incubation period on copper dissolution by Aspergillus niger. 

50 mL modified ammonium medium was prepared for culturing 2x106 SFU of 

Aspergillus niger for 3 days then 0.25 g of +150 mesh of e-waste was added and incubated at 

30 ͦ C and 180 rpm. The copper dissolution, pH, and redox potential were measured daily to 

determine the optimum incubation period.  

The results were revealed that the maximum biodissolution of copper occurred after 5 

days of incubation, which reached 97.7% with pH value 4.2 and redox potential 185.3mV, 

Figure 5. Yaashikaa et al., [37]; Liang et al., [38]; Wang et al., [39] showed that Cu bioleaching 

efficiencies vary widely from 50% to 100% with leaching periods typically exceeding 5 days. 

Grewal and Kalra [40] reported that the medium pH decreased from 6 to 4.6, indicating that 

the fungus was in its logarithmic growth phase and secretion of organic acids had begun. The 

maximum overall production of organic acids, i.e., 5237 ppm citric acid, 3666 ppm gluconic 

acid, 1287 ppm oxalic acid, and 188 ppm malic acid was observed on the 15th day of fungal 

growth. At lower pH values, gluconic and citric acids are the major products. Hassan et al. [41] 

showed that higher fermentation periods led to acid consumption by the fungus due to lack of 

nutrients in the culture. 
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Figure 5. The effect of incubation period on copper dissolution by Aspergillus niger. 

3.6. The effect of particle size factor on copper dissolution by Aspergillus niger: 

Different size fractions of e-waste (20, 50, 150, and -150 mesh) were tested for copper 

dissolution. In these experiments,  0.25g of e-waste for 50 ml of culturing of 2x106 SFU of 

Aspergillus niger was used and incubated at 30 ͦ C and 180 rpm. The copper dissolution, pH, 

and redox potential were measured after 5 days of incubation. 

The obtained results revealed that dissolution of copper increased with decreasing size 

fraction up to +150 mesh at which 97.9% of copper dissolved with pH 4.01 and redox potential 

176 mV as in Figure 6.  

    
Figure 6. The effect of particle size factor on copper dissolution by A. niger. 

Decreasing size fraction over +150 mesh led to decreased copper dissolution due to 

aggregation of e-waste particles and decreased interaction with A. niger. Patel confirmed this; 

Lakshmi [42] showed that particle size negatively correlates with metal leaching efficiency, 

and large particle sizes may lead to low metal extraction efficiency. The surface area increases 

with decreasing particle size, leading to the contact between the metal-bearing waste particles 

and the leachant in the medium, increasing and increasing metal extraction efficiency. Also, 
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Wu et al. [43] showed that in the bio-hydrometallurgical process, microbial cells contact the 

waste particles, leading to the metal leaching efficiency and bioleaching rate in 

biohydrometallurgical processes. 

3.7. The effect of inoculum size of Aspergillus niger on copper dissolution. 

Different inoculum sizes of Aspergillus niger (1x106, 2x106, 4x106, 6x106, 8x106) SFU 

were inoculated to 50 ml modified ammonium medium for 3 days then added 0.25 g of e-waste 

and measuring copper dissolution, pH, and redox potential after 5 days.  

The obtained results revealed that dissolution of copper increased with increasing 

inoculum size up to 2X106 SFU for 50 mL medium, then began to decrease with increasing 

inoculum size, Figure 7. At using 2x106 SFU, copper dissolution reached 97.9% with pH 4.27 

and redox potential 160.9 mV, and this refers to an increasing number of cells up to a certain 

limit lead to increase production of metabolites that necessary to leaching of copper, but a 

higher number of cells lead to competition on nutrients in medium and effect on the production 

of metabolites and decrease dissolution rate. The bioleaching rate increases with increasing 

inoculum size; it has been reported in bioleaching of metals by various researchers (Minimol 

et al., [44], Weihua et al. [45], Denaya et al. [46]). 

 
Figure 7. The effect of inoculum size of  A. Niger on copper dissolution. 

Maria and Michael [47] showed that lower dissolved oxygen levels at much higher 

inoculums levels during the early fermentation phase were related to slower ammonium ions 

uptakes and significantly lower glucosamine concentrations, so the dissolution process 

decreased. 

3.8. The effect of incubation temperature on copper dissolution by A. Niger. 

Temperature is an important factor that affects the activity of microorganisms.  

Different incubation temperatures (25, 30, 35, 40) °C were tested by applying the 

predetermined conditions and measuring copper dissolution, pH, and redox potential after 5 

days of incubation. The results revealed that copper dissolution increased with increasing 

temperature up to 30  ͦ C then began to decrease, which reached 97.8% with pH 4.12 and redox 
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potential 162mV, Figure 8. This refers to optimum A. niger activity was at 30 °C that produces 

more efficient metabolites used in copper dissolution. 

Saidan et al. [48] showed that incubation temperature is a vital environmental factor 

that can affect the biodissolution of e-wastes by affecting both the biological activity and 

chemical leaching of e-waste.  

 
Figure 8. The effect of incubation temperature on copper dissolution by A. niger. 

3.9. The effect of pulp density on copper dissolution by A. niger. 

Different weights of e-waste (0.1, 0.25, 0.5, and 0.75) g for 50 ml of medium were 

evaluated by applying predetermined conditions, then measuring copper dissolution, pH, and 

redox potential after 5 days of incubation. 

 
Figure 9. The effect of pulp density on copper dissolution by A. niger. 

It was found that increasing pulp density led to a decrease in the dissolution of copper. 

This is attributed to an increase in metals concentration, leading to a decrease in A. niger 
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activity and effect on the produced metabolites and acids. At pulp density 0.005g/ml, 

Aspergillus niger can solubilize 98.6% of copper with pH 4.32 and redox potential 116.59 mV, 

Figure 9, and this refers to the presence of organic acid used in the dissolution process. 

Also, Sadia et al. [30], Erüst et al. [49] showed that metal leaching efficiencies decrease 

significantly with increasing pulp density. This can be due to the alkaline nature of the e-waste 

material and is therefore acid-consuming. This leads to a high pH environment, where the 

acidophiles do not thrive. Also, high pulp density is desired for the economic leaching of 

metals, but it has inhibitory effects on the microorganisms, which decrease the bioleaching 

processes [50]. 

3.10. Effect of different carbon sources on copper dissolution by A. niger. 

Carbon source is a vital factor for the active proliferation of microorganisms and the 

production of organic acids. Different carbon sources (starch, sucrose, glucose, dextrose, 

lactose) were tested by applying predetermined conditions and measuring dissolution of 

copper, pH, and redox potential after 5 days of incubation. The results showed that glucose's 

best carbon source was glucose, which achieved maximum biodissolution of copper 100% with 

pH 4.25 and redox potential 173 mV, Figure 10.  

 
Figure 10. Effect of different carbon sources on copper dissolution by A. niger. 

Sugars in media are converted into intermediate metabolites, including organic acids 

and other substances by enzymes produced by the microorganism. Enzyme systems are 

different from one microorganism to another. The metabolic pathway and the types of organic 

acids produced by microorganisms result from the regular metabolic routes or the type of 

carbon source used [51]. These results disagree with Luciana et al., [52], who showed That 

sucrose is a better carbon source for A. niger than glucose due to the higher production of citric 

acid used in the dissolution process. 

3.11. Effect of different carbon concentrations on copper dissolution by A. niger. 

2x106 of Aspergillus niger was inoculated to 50 mL modified ammonium medium for 

3 days with the presence of different concentrations of glucose as carbon source (0.01, 0.015, 
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0.02, 0.025, 0.03) then added 0.25 g of +150 mesh of e-waste and incubated at 30 °C. The 

dissolution of copper, pH, and redox potential were measured after 5 days of incubation. 

The results showed that copper dissolution increased with increasing glucose 

concentration reaching nearly 100% at 0.02 g/ml glucose concentration. Further increase in 

glucose concentration does not affect copper dissolution (remain constant around 100%), 

Figure 11. The carbon concentration is the effect on the growth of A. niger and so production 

of metabolites, especially organic acids, that is important for the dissolution process. 

 
Figure 11. Effect of different carbon concentrations on copper dissolution by A. niger. 

3.12. Effect of different nitrogen sources on copper dissolution by A. niger. 

Different nitrogen sources (ammonium sulfate, ammonium chloride, ammonium 

phosphate, and asparagine) were tested for copper dissolution at the predetermined conditions 

and measuring dissolution of copper, pH, and redox potential after 5 days of incubation. 

 
Figure 12. Effect of different nitrogen sources on copper dissolution by A. niger. 
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The obtained results revealed that the best nitrogen source was ammonium chloride that 

achieved copper dissolution 100%, pH 4.29, and redox potential 171.3 mV, as shown in Figure 

12. This refers to ammonium chloride as the best nitrogen source for the optimum growth of 

Aspergillus niger and more metabolites used in the dissolution process. The lowest copper 

dissolution was occurred by using asparagine as a nitrogen source that can have an inhibition 

effect on the growth of Aspergillus niger. This agrees with Bikash [53], who showed that 

ammonium is the most widely used nitrogen source for citric acid production in A. niger. 

3.13. Effect of different concentrations of nitrogen source on copper dissolution by  A. Niger. 

Different ammonium chloride concentrations (0.001, 0.0015, 0.002, 0.0025) g/mL were 

tested by applying predetermined conditions and measuring dissolution of copper, pH, and 

redox potential after 5 days of incubation. 

The results revealed that the copper dissolution increased with increasing nitrogen 

concentration reaching 100% at 0.002 g/mL, pH 4.12, and redox potential 182.5 mV, then 

remained constant. The results were drawn in Figure 13. The 0.002 g/mL was the best 

concentration of ammonium chloride for optimum growth of Aspergillus niger to produce more 

metabolites used in the dissolution process. 

 
Figure 13. Effect of different nitrogen source concentrations on copper dissolution by A. niger. 

This result disagrees with Varsha [54], who showed that any increase or decrease other 

than ammonium sulfate (0.25% w/v) and ammonium chloride (0.5% w/v) concentration 

resulted in the disturbance of fungal growth and subsequently citric acid production. 

3.14. Effect of different initial pH on copper dissolution by A. Niger 

Different initial pH (4, 5, 7, 8, and 9) of medium were tested with predetermining 

conditions and dissolution of copper, pH, and redox potential after 5 days of incubation. 

The results revealed that the best initial pH of the medium was 7, at which 100% copper 

dissolution, pH 4.12, and redox potential 182.6mV. These results were drawn in Figure 14. The 

pH of the solution is one of the most important factors for (bio) leaching processes. For 
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example, while the citric acid (maximum ~ 60 mM) is produced more efficiently under acidic 

conditions (pH 3), the optimum for gluconic acid production is at a pH of 4.5– 6.5, which refers 

to glucose oxidase activity enzymes. Aspergillus niger produces high concentrations of organic 

acids that contribute to the acidification of culture media [54]. 

 
Figure 14. Effect of different initial pH on copper dissolution by A. niger. 

3.15. Effect of aeration on copper dissolution by A. Niger. 

Different shaking speeds (100, 150, 200, 250) rpm were tested with predetermining 

conditions and dissolution of copper, pH, and redox potential after 5 days of incubation. 

The results revealed that copper dissolution increased with increasing shaking speed up 

to 200 rpm and then decreased with increasing shaking speed. At 200 rpm, copper dissolution 

reached  100 %, pH 4.15 and redox potential 181.6 mV, Figure 15. Agitation can affect the 

production of types and concentration of metabolites medium and affect pH values of medium 

and leaching efficiency [30]. 

Also, this agrees with Hacıfazlıoğlu et al.,[55], who found that neither high nor low 

agitation speeds were suitable for the growth of A. niger and the production of metabolites. 

 
Figure 15. Effect of aeration on copper dissolution by A. niger. 
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3.16. Mechanism of bioleaching of copper by A. niger. 

There were several mechanisms of bioleaching of copper by Aspergillus niger, 

including secretion of enzymes as glucose oxidase enzyme [54]. Aspergillus niger can produce 

chelators such as siderophores [56]that chelate calcium, aluminum, and iron. Also, it can 

produce organic acids by fermentation of glucose as a carbon source. This is considered to be 

the most important mechanism of bioleaching of copper by Aspergillus niger that produced it 

in a high amount [57]. 

Organic acids production can be tested by using bromocresol green as an acid indicator 

(1%) added to Czapek's agar on the plate at pH 6. It was observed that change the color from 

blue to yellow with the growth of Aspergillus niger on a plate, which refers to the production 

of organic acids as illustrated in Figure 16. This accepts by Alessia et al. [58]. 

 

Figure 16. Cultivation of A. niger for 2 days (A), cultivation of A. niger for 7 days (B).       

Hydrogen ions of organic acids produced by Aspergillus niger can replace metal cations 

from the e-waste matrix and lead to metal leaching. Secondly, organic acids make chelation for 

metals and form soluble metal-ligand complexes. Organic acids are less toxic to many 

biological communities than inorganic acids due to their capacity to reduce toxic metal 

concentrations. 

Organic acids are biologically degradable [59]. The metal leaching by organic acids can 

be carried out under mildly acidic conditions (pH 3–5) [60]. Microbiological production for 

organic acids is an important economic alternative to chemically-produced organic acids [61].  

Using HPLC analysis to detect some organic acid as citric acid and malic acid found 

that presence higher concentration of citric and malic in culturing of 2x106 SFU of Aspergillus 

niger in 50 mL of modified ammonium medium and 0.5% e-waste than control flask without 

e-waste. These acids are used to leach copper from e-waste with decreasing pH of the solution 

from 7 to 4.2. 

It was observed that increased concentration of malic and citric acid in the sample in 

the presence of e-waste than the sample without e-waste as drawn in Figure 17, and this might 

be presence metals in e-waste act as coenzymes for enzymes used in the production of these 

organic acids in Krebs cycle in microorganism in addition to presence e-waste can make stress 

for Aspergillus niger that enhances and increase production of metabolites to thrive in these 

conditions.  Wu and Ting [24] showed that the presence of manganese (a cofactor for the 

enzyme isocitrate dehydrogenase) so makes inhibition to accumulation of citric acid. This e-

waste sample lacks manganese, so it activates to accumulate citric acid that is used in the 

dissolution process. Also, in the Krebs cycle, this enzyme catalyzes the oxidative 

decarboxylation of isocitrate to a-ketoglutarate, so, in a manganese-deficient medium, a-

ketoglutarate is not produced, and the citric acid is accumulated in the culture medium.  
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This result accepts Wu and Ting, [24], who reported that citric, oxalic, and gluconic 

acids produced by A. niger were enhancing factors that improve fungal bioleaching and metal 

extraction from municipal solid waste incinerator fly ash.  

 
Figure 17. Detection of malic and citric acids using HPLC in the filtrate of A. niger culture in the absence and 

presence of the e-waste. 

3.17. SEM Analysis.   

SEM of e-waste before treatment was showed heterogeneity and variety of species of 

particles in the sample, as in Figure 18, A, and the smooth surface. SEM analysis of e-waste 

after treatment showed interaction of e-waste with A. niger as in Figure 17, (B,C) that resulted 

in increased the porosity of the surface and became rough due to large destruction of the 

structure by metabolites and organic acids were secreted by A. niger resulting in the dissolution 

of metals and came out to a solution. This agrees with Horeh et al. [22] showed that Aspergillus 

niger was used for bioleaching of metals from waste batteries made of lithium‐ion based. Also, 

this result was confirmed by Lebbie et al., [62], who showed that the structural changes in the 

PCB after the bioleaching process had been identified by scanning electron microscope 

analysis. 

    
Figure 18. SEM images of e-waste before (A) and after the bioleaching process (B, C). 

4. Conclusions 

This work was concerned with the extraction of copper from e-waste by using 

Aspergillus niger. These studies can be summarized as follows: Chemical analysis of e-waste 

was determined by XRF analysis and showed the high content of copper, reaching 21.96%. 

Other elements such as Br, Sn, Pb, Zn, Fe, and Sb were found; Aspergillus niger was isolated 

A B C 
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from Abu Tartur phosphate ore and identified by 18s RNA. Tolerance of A. niger to copper 

was studied and found that optimum growth of A. niger up to 700 ppm of copper concentration, 

then begun to decrease with increasing concentration of copper up to 1000ppm; Various 

bioleaching methods (one-step, two-step, spent medium) were tested and found that the two-

step bioleaching method was the best method for extraction of copper; All parameters that 

affect copper dissolution efficiency were studied and revealed that maximum dissolution 

(100%) can be achieved in the following conditions; modified ammonium medium with initial 

pH 7 was the best bioleaching medium with inoculation 2×106 SFU for 50 ml at incubation 

period 5 days, incubation temperatures 30 ͦ C and shaking speed 200 rpm. Also, the best pulp 

density was 0.5% with a size fraction +150 mesh. Different carbon and nitrogen sources were 

tested, in addition to their concentrations, and found that 1.5% glucose was the best carbon 

source and 0.002g/ml ammonium chloride was the best nitrogen source; The mechanism of 

bioleaching was studied by detecting the produced organic acid through using brome cresol 

green as an indicator and found to change the color of the agar medium of the incubated plate 

from blue to yellow. Also, the bioleaching mechanism was studied by HPLC analysis through 

malic and citric acids detection in the sample without and with e-waste, which showed a malic 

and citric acid content in the sample with e-waste than the sample without e-waste; SEM 

investigation of the e-waste before and after the bioleaching process showed that the surface of 

e-waste after treatment becomes more smooth and porous than before treatment, referring to 

metals of e-waste dissolved during the process. 
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